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Introduction
Falls are a major public health problem for older people and society. For the individual, falls are associated with loss of confidence, functional dependence, injury and admission to residential care [1, 2] . Furthermore, with the ageing of populations, the costs of falls are rapidly increasing [3] . It is essential that those at risk are identified early so that adequate treatment and prevention programmes can be implemented.
Many falls in older people occur due to a complex interaction between intrinsic and extrinsic factors. Intrinsic factors are attributable to the person, such as poor muscle strength and cognition. Extrinsic factors are those related to the environment, such as poor lighting or obstacles. Evidence suggests that the greater the number of intrinsic impairments, the greater the risk of falling [1, 4] . Inability to compensate for age-or disease-related decline in one or more such intrinsic factors may lead to impaired gait [5, 6] . Measures of gait may therefore be useful surrogates of an older person's risk of falling.
It is uncertain as to which measures of gait best predict those who are likely to fall. Previous results are conflicting as to whether temporal-spatial measures such as slower gait speed [4, 5, [7] [8] [9] [10] [11] [12] [13] , shorter steps [5, 7, [9] [10] [11] [12] and longer double-support phase (DSP) [7, 9, 10] are associated with falls or not. Although it has been postulated that gait variability (intra-individual fluctuation in a gait measure from one step to the next) may be more promising than average measures of gait in predicting falls risk [10, 12] , there is again no consensus as to which measures of variability are most useful [5, [9] [10] [11] [12] 14] .
The majority of previous studies in this field have been limited by small samples of volunteers or patient groups [7, 10, 11, [15] [16] [17] [18] [19] and retrospective ascertainment of falls with potential for recall bias [12, 14, 15, 17, 19] . In the only prospective population-based study examining a range of gait measures, and that included both men and women, falls risk was predicted by slower gait speed, longer swing and DSP, and greater variability in swing time and stride length [9] . Other gait measures such as step width and its variability, which may also be associated with falls [10, 12, 14] were not studied. Moreover, the authors chose to analyse all fallers together, when previous studies indicate that those who fall only once are likely to have different underlying mechanisms than those who fall multiple times [4, 20] .
We hypothesised that poorer performance in a range of gait and gait variability measures would be independently associated with a greater risk of multiple falls after taking into account other factors capable of influencing gait and falls.
Methods Participants
People aged between 60 and 86 years (n = 412), who were residents of southern Tasmania, were randomly selected from the electoral roll. Participants were included if they could walk without the use of a gait aid. Exclusion criteria were living in a high-care residential facility or any contraindications to MRI scan (a requirement for the overall study). The Southern Tasmanian Health and Medical Human Research Ethics Committee approved this study and written consent was obtained from all participants.
Gait
Gait measures were collected with a 4.6 m computerised walkway system (GAITRite, CIR systems, USA). Gait speed, step length, step time, cadence, DSP and step width were collected over six trials at preferred walking speed. Participants started walking 2 m before the mat, and continued 2 m past the mat, to allow for acceleration and deceleration. Variability in step length, step time, DSP and step width were calculated as the standard deviation of all steps for the respective measure from the six trials.
Falls
A fall was defined as 'an unexpected event in which the participant comes to rest on the ground, floor or lower level' [21] . Following baseline gait and physical measurements, participants were sent a falls questionnaire with a reply paid envelope every 2 months to record information about falls that had occurred in those periods. Those who fell more than once during the 12 month follow-up were classified as having multiple falls.
Other measures
A standardised questionnaire was used to obtain information about self-reported medical history (lower limb arthritis, hypertension, diabetes mellitus, stroke, dementia and Parkinson's disease). Non-responders completed a brief phone interview providing similar details about their medical history. [25] ; four or more prescribed medications, any blood-pressure lowering medication, or any psychoactive medication.
Statistical analysis
Chi-squared analysis (χ 2 ) and t-tests were used to compare responders and non-responders. Log multinomial regression [26] was used to estimate risk and relative risk (RR) of single and multiple falls. The continuous gait measures (study factors) were divided into quarters to more clearly quantify the associations. RR is the proportion of subjects with the outcome at one of the other three levels of the study factor relative to the proportion of subjects with the outcome factor in the reference level of the study factor. All models were adjusted for age, sex, height and weight. Further adjustment was made first for sensorimotor or cognitive factors, and secondly for mood or medication usage, if the relevant variable changed the coefficient of the gait measure by more than 10% [27] . Finally, for the gait variability measures, additional adjustment was made for gait speed to determine its effect on the associations. Interactions were examined between age or sex and each gait measure. Linear trend was assessed by tests of the statistical significance of the coefficient of a single predictor for each study factor with the four levels coded as −3,−1, 1 and 3. Quadratic trend was assessed by adding a predictor for the square of that variable and testing the significance of its coefficient. Data were analysed using STATA version 10.1 (StataCorp, Texas, USA).
Results
The participant response proportion at enrolment was 51% (412/804). Responders were younger (P = 0.01) with a lower self-reported history of hypertension (P = 0.03) than non-responders. One participant was unable to continue after a medical event, and was excluded, leaving 411 participants in the study. Of the baseline sample, 83% (n = 342) completed all six falls questionnaires and 96% (n = 393) completed at least five questionnaires. If a participant had not completed all six questionnaires and had not reported a fall (n = 50), they were classified as lost to follow-up, leaving 361(88%) participants to include in the analysis of falls. During follow-up, 43.5% (n = 157) of participants reported a fall, with a higher percentage of women (50%, n = 77) than of men (39%, n = 80) reporting a fall. A single fall was reported by 25.2% (n = 91) and multiple falls by 18.3% (n = 66) of participants. Table 1 provides baseline characteristics for those lost to follow-up, and those with no falls, one fall or multiple falls. Those lost to follow-up walked with slower gait speed (P = 0.002), shorter steps (P = 0.007) and had a longer DSP (P < 0.001) compared with those included in the analysis. There were no other significant differences between those lost to follow-up and those included in analyses. Gait and the RR of falls Table 2 (average gait measures) and Table 3 (gait variability measures) present the final adjusted RRs of single and multiple falls. None of the gait or gait variability measures was associated with the risk of single falls. After initial adjustment for age, sex, height and weight, the risk of multiple falls was associated with greater DSP variability (P = 0.01) and greater step length variability (P = 0.02), and nonsignificant trends were observed for slower gait speed (P = 0.05), shorter step length (P = 0.06) and larger DSP (P = 0.07).
Further adjustment for quadriceps strength and reaction time reduced the strength of associations for the average gait measures (Table 2 ). Only greater step length variability (P = 0.03) and DSP variability (P = 0.02) remained associated with multiple falls in the final model (Table 3) 
Testing for non-linear associations
Tests of quadratic trend were statistically significant for gait speed (P = 0.002), cadence (P = 0.004) and step time variability (P = 0.03) with respect to the risk of multiple falls.
Discussion
In this prospective population-based study, greater intra-individual variability in step length and DSP were linearly associated with the risk of multiple falls whereas there was a non-linear association for gait speed, cadence and step time variability. These gait measures may be useful clinical measures of the risk of frequent falling in older people, and thus may be good targets for interventions designed to reduce the risk of falls. None of the gait measures were associated with the risk of single falls. Our study has several strengths. By using a multinomial regression approach, we were able to model for the first time the RRs of single and multiple falls for several gait measures. It is one of only two prospective population-based studies examining the associations between a range of gait measures and the risk of falls in both men and women, making the results more generalisable to the wider population than clinicor volunteer-based studies. The percentage of participants reporting a fall was similar to that found in other prospective population-based studies [8, 9] , although higher than in retrospective population-based studies [28, 29] . The prospective recording of falls has the potential effect of minimising recall bias [7] . In addition the follow-up rate was very high with the potential effect of minimising attrition bias. We also carefully examined for non-linear associations and adjusted our analyses for several factors and, importantly in the case of gait variability, also for gait speed.
There are certain limitations to this study. Although we were unable to identify any associations between gait measures and the risk of a single fall, it is possible that we may have found relationships had we measured gait during more challenging tasks. The response rate at baseline was moderate, but we had a wide distribution of confounders and effect modifiers. Although our follow-up rate was high, loss to follow-up was associated with slower gait speed, shorter step length and greater DSP. This raises the possibility of biased estimates of risk if those lost to follow-up were predominantly non-fallers with slower gait speed, shorter steps or a longer DSP (or fallers with faster speed, longer steps or shorter DSP). The likelihood of such bias is extremely small given the high rate of follow-up. Finally, we are unable to generalise these findings to those that are unable to walk without the use of a gait aid.
Poorer performance in gait was not associated with single falls over the 1-year period. Our results agree with others who have suggested that single falls are less likely to be due to intrinsic impairments that impact on gait patterns [4, 20] . Such falls may be due to factors that have little relationship with gait. These factors include syncope, environmental hazards and high-risk activities that would challenge balance even in a younger person [20, 30] . On the other hand, multiple falls appear more likely to be due to factors that influence gait, particularly those that lead to greater variability in step length and DSP.
It has previously been unclear which gait variability measures best predict future falls. Our results add substantially to the small body of evidence showing that greater variability in DSP and step length increases the risk of any fall [9, 10] . Additionally, although non-linear our results support studies finding that step time variability is greater in fallers compared with non-fallers [5, 11] . Our results did not support a previous finding of increased risk of falls in those with either very low or very high levels of step width variability [12] . This may be partly due to the retrospective measurement of falls in that study or to a differing definition of step width [12] .
We also identified some unexpected non-linear associations for gait speed and one of its determinants-cadence. There appeared to be a protective effect against falling for speeds >102 cm/s (the first quarter), a value very close to a cut-off point of 100 cm/s previously suggested as predictive of falls [8] and other adverse events [31] . Our results indicated that the protective effect was less pronounced for those with gait speeds well in excess of 102 cm/s. This suggests some older people may walk too fast for their physical ability [32] and thus place themselves at risk. Alternatively those walking at faster speeds may participate in high-risk physical activities that put them at greater risk of falling [20, 30] . These results may be important in informing public health initiatives such as screening gait to predict risk of falling. Gait speed is often considered appealing as it can be quickly and cheaply measured with a stop watch, and a cut-off point has previously been described for predicting future falls in community-dwelling older people [8] . However, measuring variability in step length and DSP may provide useful additional information about the risk of falls beyond gait speed in falls-risk assessments. This additional clinical information would provide targets for interventional programmes to reduce falls, or to objectively evaluate success of such a programme. Further, our results suggest there is no falls-risk reduction benefit of improving gait speed above 116.2 cm/s (second quarter), whereas efforts to reduce step length variability and DSP variability may provide a dose-response relationship in reducing the risk of falling.
Possible experimental interventions to reduce gait variability include applying a subsensory vibratory noise to the bottom of the feet whilst walking [33] or pharmacological interventions such as a single dose of methylphenidate [34] . In addition, greater DSP and step length variability are associated with poorer postural stability, slower reaction time, central nervous system impairment and low mood, and these measures may be possible alternate targets for interventions [35] [36] [37] .
Key points
• None of the gait measures were associated with single falls.
• Greater step length variability and greater DSP variability were linearly associated with increased risk of multiple falls, and gait speed, cadence and step time variability demonstrated non-linear associations.
• These gait measures could be considered as targets for interventions or as outcome measures in falls prevention programmes.
